The final disposition of spent nuclear fuel (SNF) is an area that requires innovative solutions. The use of ionic liquids (ILs) has been examined as one means to remediate SNF in a variety of different chemical environments and with different chemical starting materials. The effectiveness of various ILs for SNF reprocessing, as well as the reaction chemistry that occurs in them, is discussed.
Introduction
Dealing with spent nuclear fuel (SNF) and other radioactive waste management is one of the main issues of nuclear industry. Compared with previous decades, the problem of radioactive waste is much more discussed by both public and professional communities, as the perception of the nuclear industry by the public is strongly affected by events like the Fukushima accident and it leads to increased demand for lower environmental affection and higher safety assurances. This is applied also to the radioactive waste management. Tighter regulation applied as a result by lawmakers adds an economic aspect into this. Sharply increasing costs for dealing with radioactive waste, altogether with pressure of public opinion, are strong motivation factors for development of recycling schemes, softening the effects on the environment, and bringing economic advantages for the nuclear industry. It should also be mentioned that a significant wave of decommissioning of nuclear facilities of the so-called first and second generations can be expected in the next decades and it makes the problem even more urgent. The Organisation for Economic Co-operation and Development/Nuclear Energy Agency estimates that 400 nuclear power plants will have to be decommissioned between 2014 and 2050 and it will generate more than 5 million tons of radioactive scrap metal. If the decommissioning of other nuclear installations is taken into account, almost 30 million tons of scrap metal contaminated by radionuclides will need to be handled [1] . Besides this, dealing with SNF still remains as a major problem of the nuclear industry. In both of these areas -SNF reprocessing and material decontamination -possible benefits of ionic liquids (ILs) are studied worldwide because of their interesting physical-chemical properties and chemical behavior.
For SNF reprocessing, ILs offer advantages of nonaqueous processes like a safer environment because of substituting volatile and flammable organic solvents or less serious criticality issues. At the same time, ILs beat high-temperature molten salt in comparing energy costs. For decontamination of radionuclide-contaminated materials, recycling is becoming strongly preferred over disposal. The motivation for development of recycling schemes is both social/environmental and economic. According to an International Atomic Energy Agency report [2] , during the nuclear facility decommissioning process, only 3 % of material is considered contaminated, but costs for its disposal can make over 60 % of overall costs.
ILs (described as room-temperature molten salts in older literature) are commonly described as salts with organic cations associated with organic or inorganic anions that are liquid below 373 K and fully consisting of ions. In recent years, ILs gained an attention in many areas, including catalysis, separation processes, electrochemistry, or synthesis [3] . Another important area of ILs application is liquid-liquid extraction of actinides and fission products in case of liquid waste. Despite the fact that liquid-liquid extractions are also the problem Martin Straka is the corresponding author. © 2016 by Walter de Gruyter Berlin/Boston. This content is free.
that is important within the framework of recycling/decontamination or SNF reprocessing, it will not be covered here in detail as this chapter is focused only on solid waste. However, detailed reviews on this topic can be found in Refs [4, 5] [6, 7] . Some of ILs' unique properties that are definitely attractive also for areas of SNF reprocessing and solid waste decontamination processes are reviewed later.
Radiation Stability of ILs
For any compound involved in the nuclear fuel cycle, radiation stability is a property of key importance as it will be exposed to high levels of radiation from actinides and fission products. Allen et al. [8] have shown that the resistance of 1,3-dialkylimidazolium nitrate and chloride to all forms of radiation is even significantly higher than that of the tri-n-butyl phosphate (TBP)/kerosene system widely used within PUREX reprocessing scheme (see later). Shkrob et al. have shown that ILs are not hypersensitive toward radiation in general [9] .
Studies on radiation stability for other ILs are also available: [14] . Positive influence of introduction of FAP anion (tris (perfluoroalkyl)trifluorophosphate) was described by Guleria et al. [15] , and it was suggested that this anion can shield the commonly used imidazolium cation showing the "designer" potential of ILs. Task-specific cations that include designated sites to assure deprotonation after radiolytic ionization were suggested by Shkrob and Marin [16] . Guanidium cation was found to be stable enough under radiation as well [17] . According to Huang et al. [18] , radiation stability of 1-butyl-3-methylimidazolium chloride ([BMI][Cl]), which is one of the most widely used ILs, can be significantly improved by addition of FeCl 3 into the system. Formation of gaseous products during radiolysis can represent a significant safety issue. This problem was addressed by Tarabek et al. [19] covering ILs based on [NTf2] − anion with several types of cations (ammonium, imidazolium, phosphonium, pyridinium, and pyrrolidinium).
Analysis of radiolytic stability of phosphonium-based ILs by Morco et al. [20] has shown relatively high resistance to radiolytic degradation, but highlighted a problem of small organic products of radiolysis which can, even in a small amount, agglomerate with IL to cause changes in the system properties. The same topic was covered also by Szreder et al. [21] , who studied influence of aromatic ring ligands on the radiation stability of ammonium, imidazolium, and pyrrolidinium ILs. Results show that radiolytic degradation of studied ILs was significantly lower than that for n-alkanes in all cases [19] .
A number of papers targeted radiation stability of more complex systems for extraction of several elements like Eu 3+ , Sr 2+ , and Cs + or influence in the presence of HNO 3 [22] [23] [24] [25] [26] [27] [28] [29] [30] . Results show that radiolytic damage of ILs will not affect extraction performance of the system. ILs even protect the extractant as the IL is usually damaged instead of the extractant.
Results of the studies mentioned earlier suggest that ILs have very good radiation stability, which allows their use in nuclear applications. Moreover, in terms of radiation stability they are superior to organic solvents and reactants used today. This specific topic was critically reviewed by Mincher and Wishart [31] .
Electrochemical Stability of ILs and Electrochemistry of Actinides and Lanthanides
Electrochemical deposition of actinides is an important step in high-temperature reprocessing schemes using both chloride and fluoride systems [32] [33] [34] , and electrochemical separations from ILs are highlighted processes in the field of SNF reprocessing and other waste recycling schemes as well. As actinides and lanthanides usually react with water giving metal oxide/hydroxide and hydrogen, aqueous solutions cannot be used as carrier systems for electrodeposition process [35] . ILs, on the contrary, present a suitable environment for electrochemistry. Therefore, if electrochemical reduction steps will be included in any future SNF reprocessing or waste recycling flow sheets, as much data on electrochemical behavior of actinides and fission products as possible will be needed (see below). Knowledge of electrochemical behavior of pure ILs is equally important. Generally, ILs have good electrochemical stability (a wide electrochemical window). Characteristics of ILs for use as electrolytes can be found in Galiński et al. [36] . Based on data presented in this paper [36] , a chart of potential windows for several ILs was prepared. As can be seen, potential windows are fully comparable with molten salt melts and can be as wide as 6 V (see Figure 1 ) for [BMI] [BF4].
Figure 1: Potential windows of several ionic liquids based on data from Galiński et al. [36] .
The electrochemistry of uranium was studied in several IL systems. The typical voltammetric scan of 1-ethyl-3-methylimidazolium chloride IL with U(VI) complexes can be seen in Figure 2 . Two reduction peaks between -0.25 and -0.5 V can be attributed to U(VI) reduction to U(V) and subsequent reduction to U(IV), presumably in the form of UO 2 . Most usually, uranium is in its tetravalent or hexavalent form at the beginning of an experiment. Nevertheless, stability of particular species as well as the mechanism of electrochemical reduction strongly depends on the system composition. For example, electrochemistry of uranium in basic (in terms of Lewis acidity, x (AlCl3) /x (IL) < 1) AlCl 3 + N-(n-butyl)pyridinium chloride systems is described by Heerman et al. [38] . In this case, U(VI) is stable and the formation of [UO 2 Cl (4+x) ] (2+x)-was described. U(VI) species readily underwent an irreversible reduction to UCl 6 2-according to the following equation:
U(III) was found to be unstable in basic melt and precipitated as solid UCl 3 [38] .
On the other hand, in the acidic (x (AlCl3) /x (IL) > 1) AlCl 3 /1-ethyl-3-methylimidazolium chloride system, color change from pale yellow to bright orange was observed within several days after addition of UO 2 2+ [39] , suggesting that UO 2 2+ is converted to UCl 6 − by the reaction of the stating material with the IL. The mechanism of the conversion was suggested as follows:
It is in agreement with Dai et al. [40] , who also described the stability of U(V) in terms of Lewis acidity dependence.
However, behavior of uranium can be dependent on the organic cation type as well. Nikitenko et al. [41, 42] studied spectroscopy and electrochemistry of U(IV) hexachloro complexes in BMINTf2 and Bu3MeNNTf2 ILs, and it was reported that electrochemical behavior of uranium species strongly depends on cation type. The mechanism of electrochemical reduction was the same in both ILs, but the potential of U(V)/U(IV) and U(IV)/U(III) redox pairs was shifted by 80 and 250 mV, respectively. This is because of different solvation of the uranium complexes in different ILs.
Successful experiment consisting of UO 2 dissolution and metallic uranium deposition was described by Jagadeeswara et al. [43] . Authors studied the electrochemical behavior of U(IV) in N-methyl-N-propylpiperidinium bis(trifluoromethylsulfonyl)imide after the dissolution of UO 2 in the IL. The dissolution of UO 2 in N-methyl-N-propyl-piperidinium bis(trifluoromethylsulfonyl)imide was quite rapid. The electrochemistry was studied at Pt, graphite carbon, and stainless steel working electrodes. Controlled potential electrolysis resulted in the deposition of metallic uranium [43] .
In general, structure of IL affects the form in which uranium is present in the system as well as its mobility and the solvation environment in the system. All of these characteristics are very important for the electrochemical step in any of SNF reprocessing scheme. It can be also said that uranium can be directly deposited in the solid form and separated from the system, and the electrochemical reduction step is realistic. Except for experiments mentioned earlier, uranium reduction to solid form in different ILs has been thoroughly described [43] [44] [45] [46] [47] [48] .
Studies on electrochemistry of other actinides in ILs are very scarce compared to uranium. Electrochemical reduction of thorium in [BuMe3N][NTf2] was described by Bhatt et al. [49] . It was shown that thorium is reduced in one single step from Th(IV) to Th. Comparison of potentials for Th(IV)/Th pair with those obtained in various aqueous and high-temperature molten salt systems shows that thorium is reduced to its basic state much more easily in ILs than in other media. It can be attributed to the weak coordinating ability of the particular anion. Nevertheless, the layer of thorium oxide which is nonconductive was formed on the electrode surface and prevented further deposition of Th. Nikitenko and Moisy [50] published their research of the electrochemical behavior of Pu and Np in [BMI] [NTf2] IL. It was shown that both actinides form electrochemically inert complexes of (AnCl 6 ) 2-type, and the reduction to An(III) was achieved only after the addition of chloride ions.
The data for electrochemistry of lanthanides -fission products -in ILs are also very rare. In aqueous systems, lanthanides occur mainly in the trivalent oxidation state (with the exceptions of europium and cerium). Other stable valencies are known mainly from solid state and nonaqueous systems [51] . In no contradiction with this statement, some ILs (especially acidic chloroaluminates) can stabilize several divalent lanthanide ions. Schoebrechts et al. [52, 53] reported successful electrolytic reduction of trivalent lanthanides to divalent ions (Sm 2+ , Eu 2+ , Tm 2+ , and Yb 2+ ) in an AlCl 3 /1-n-butylpyridinium chloride system. However, divalent lanthanides probably disproportionate according to the reaction suggested by O'Donnell [54] , when acidity of a system is reduced:
Billard et al. [55] 2 and it is stable for months when left in the container.
In general, lanthanides (the same as actinides) are strongly electropositive and as a result, a quite stable carrier system is needed to achieve electrodeposition. As mentioned earlier, several ILs should be stable enough to provide a suitable environment. Nevertheless, deposition experiments with lanthanides were reported very rarely so far. Al-La alloys were obtained from AlCl 3 /EMIC system by Tsuda et al. [56] . Hsu and Yang were able to obtain cobalt together with dysprosium as a Co-Zn-Dy alloy from ZnCl 2 /EMIC system [57] . Dysprosium was deposited also by Kurachi et [59] . Ispas et al. [60] were able to deposit thin layers of samarium and cobalt/samarium from 1-butyl-1-pyrrolidinium bis(trifluoromethylsulfonyl)amide and were able to change deposit morphology by the parameters of electrolysis. Comparative experiments were done with quaternary ammonium ILs and 1-butyl-2,3-dimethylimidazolium triflate containing Y, Gd, and Yb ions [61] . It was shown that these rare earth elements can be deposited from ILs depending on electrode material and particular ILs.
It is clear from the previous text that some ILs have suitable electrochemical properties that allow us to consider them for usage in nuclear separation processes. On the other hand, the present level of knowledge is still insufficient and an extensive experimental campaign must be conducted to have a really detailed knowledge of basic behavior, which can then be applied for development of desired industrial processes.
Solubility of Actinides and Lanthanides in ILs
Prior to any separation of actinide or lanthanide species from IL systems, their initial form must be dissolved in it. ILs are quite often called "green solvents" which implies the good ability to dissolve a majority of materials. The truth is that solubility of inorganic compounds in common ILs is quite low [62] . For example, a solubility of LaCl 3 in [BMI][PF6] is only a 0.658 mg per 100 g of IL [63] , and it takes more than 6 h to dissolve 0.1 g of UF 4 in 1 g of 1-butyl-3-methylimidazolium chloride (BMIC) even at 373 K [64] . The problem lies in the poor solvating power of ions like [BF 4 ] − , [PF 6 ] − , or [NTf 2 ] − and weak coordination of these ions. Of the most common ILs, those containing anions with better coordination provide quite good solubility of metal salts, including those of actinides and lanthanides. Chloroaluminate ILs can be taken as an example of such systems. In general, it is possible to increase solubility of particular compounds by designing a task-specific IL. One has to be also careful in interpreting experiments on solubility as sometimes even a small amount of water can solubilize the specie instead of IL and distort results. Also, air oxygen plays an important role in some cases. In Figure 3 , one can see the UV-VIS spectra, proving the difference in uranium valence after dissolution of UF 4 in BMIC IL under different conditions as described by Ohashi et al. [64] . When the experiment is done under dry nitrogen atmosphere, uranium is then present in form of U(IV) ions. However, when the dissolution is done in normal atmosphere, air oxygen oxidizes U(IV) ions to U(VI) which supports the dissolution. Further study of solvation chemistry as well as development of new ILs designed to provide better solubility of relevant compounds is highly desirable. 
ILs for Spent Fuel Reprocessing
Composition and processing of SNF depend on reactor type and on a fuel cycle applied. Throughout the world, the most common type of nuclear reactor is light water reactor, in which 235 U serves as a fissionable material. SNF consists mainly of uranium ( 235 U and 238 U) with a total of 95.6 %. Other actinides (Pu, Np, Am, and Cm) constitute about 1 % of SNF. Several groups of fission products containing elements like Cs, Sr, I, and Tc take altogether 1 % of SNF [65] . Half-lives of these elements vary from several days to millions of years, which possess a threat to the environment and human health.
Two basic fuel cycle options can be described. A once-through fuel cycle counts with the period of shortlived fission products decay (SNF is placed in a water pond for up to 20 years) and then SNF is immobilized by vitrification and disposed of in a geological repository. This option eliminates the necessity of extensive difficult handling with material of very high level of activity. On the other hand, it requires a very robust geological repository for final disposal of the material that must be able to fulfill its duty for hundreds of thousands of years. On top of that, the major part of the material can be used again when properly recycled, and the oncethrough fuel cycle therefore causes also indirect environmental and economic impacts as the new raw material must be mined to replace the original one. On the other hand, a reprocessing fuel cycle contains steps that allow recovery of some elements for another use in the reactor. In its basic scheme, uranium and plutonium are recovered. For this, the so-called PUREX process is being used in an industrial scale. PUREX process is based on extraction of U and Pu by TBP in kerosene or n-dodecane [66] . Also, more advanced fuel cycles are considered to recover minor actinides and other fission products apart from U and Pu. Multiple use of SNF elements can significantly decrease the amount of highly active waste in terms of amount and activity that brings a lower environmental effect, lower risk of human health affection, and significant economic advantages (lower costs of waste disposal, no need for new raw material and its mining, multiple use or direct sale of decontaminated material, etc.).
Despite its industrial usage, the PUREX process is not suitable for many modern fuel types (inert matrix oxide, carbide, metallic, etc.) considered for the so-called Generation IV nuclear reactors [67, 68] . Therefore, interest in nonaqueous or pyrochemical reprocessing schemes is on the rise, with high-temperature molten salt technologies being the most prominent. For example, electrorefining reprocessing with uranium and transuranium elements recovery in an LiCl-KCl molten system is used by Argonne National Laboratory, USA, as a core process within the metallic fuel treatment flow sheet [69] . Robust high-temperature processes bring significant advantages for the reprocessing schemes with high radiation, thermal and electrochemical stability of molten salt systems, and high solubility of many compounds or an enhanced safety record including criticality and proliferation issues. On the other hand, at very high working temperatures, over 773 K, these processes can be very demanding of energy, corrosion resistance of used materials, or some particular safety issues connected to the temperature.
In recent years, ILs have drawn the attention of many research groups within the SNF reprocessing community. Usage of ILs instead of high-temperature molten salts for advanced SNF reprocessing can fulfill the requirements of most of the widely known 12 Principles of Green Chemistry as defined by Anastas and Warner [70] . Some of the most important intersections of ILs-based processes for SNF treatment and 12 Principles of Green Chemistry are described later.
Of course, the idea of SNF reprocessing as a whole strictly follows principle no. 1 -to Prevent Waste. ILs are commonly called "designer solvents" because of their tunability and wide options in synthesis to tackle specific problems [71] . This fact is therefore in agreement also with the fourth principle of green chemistry -Designing Safer Chemicals. Replacement of an organic fraction like kerosene in traditional extraction processes used for actinides and lanthanides is in accordance with the fifth principle of green chemistry -Safer Solvents and Auxiliaries. When comparing IL-based schemes with high-temperature molten salt processes, the sixth principle -Design for Energy Efficiency -is met because significant energy costs savings will be achieved. In proposed schemes for SNF reprocessing with usage of ILs, these are usually renewable input materials as well. For example, the electrochemical reduction can be done repeatedly in the same IL at least to some extent. Therefore, the seventh principle -Use of Renewable Feedstock -is fulfilled in that case. Two of the most highlighted characteristics of ILs are the negligible vapor pressure as well as nonflammability. It is fundamentally in agreement with the 12th principle -Inherently Safer Chemistry for Accident Prevention -because of much lesser risk of fire or explosion. For nuclear applications, criticality issues also belong under this principle and according to Harmon et al. [72] , critical concentration of plutonium in Pu/IL mixtures are significantly higher than those in aqueous mixtures (a study was conducted for 1-ethyl-3-methylimidazolium tetrachloroaluminate, [ It should be mentioned that there are almost endless possibilities of ILs' structure (according to Plechkova and Seddon [71] , there are around 10 6 of possible simple IL systems, when binary and ternary systems are counted as well, 10 12 and 10 18 systems can be derived, respectively) and no statement such as those mentioned earlier can be understood as 100 % valid for every single system. There are known risks for some ILs such as production of toxic and highly corrosive hydrofluorine (HF) gas and other fluorine compounds during hydrolysis of ILs containing [PF 6 ] − anion [73] . Nevertheless, there is a significant intersection between the area of green chemistry and usage of ILs in general.
Baston et al. [74] suggested an alternative to molten salts electrorefining of SNF. High-temperature systems are substituted by an IL in this case. The scheme is based on anodic dissolution of SNF elements and selective electrodeposition of actinides in the second step. In Baston et al. [74] , anodic dissolution of U and Pu metals was done in 1-ethyl-3-methylimidazolium chloride (EMIC) and the possibility of electrodeposition was verified by cyclic voltammetry. It should be noted that water can change the behavior of uranium when compared with chloroaluminate systems.
Asanuma et al. [75] proposed another simple scheme of SNF treatment process. In this scheme, two basic steps are realized in ILs: oxidative dissolution of SNF (which substitutes anodic dissolution from Ref. [74] ) and electrochemical reduction with recovery of an UO 2 and UO 2 /PuO 2 mixture, respectively (see Figure 4) . In their previous papers, authors proved the successful oxidative dissolution of U 3 O 8 by Cl 2 in 1-butyl-3-methylimidazolium nonafluorobutanesulfonate ([BMI] [NfO]) as a demonstration of feasibility of the first step [76] . As a verification of feasibility of the electroreduction step, formation of the solid deposit after electroreduction was studied by Asanuma et al. [75] . 
Recycling/Decontamination Schemes
The same properties and characteristics of IL systems that were discussed within the SNF reprocessing can be used for decontamination/recycling schemes as well. Recycling will play an important role during future decommissioning of old nuclear facilities. Motivation for recycling was mentioned earlier. The general scheme of such a process can be seen in Figure 5 . It can be seen that similarly to SNF reprocessing, it consists of two core processes. There is also an electrodeposition of radionuclides. In this case, it has the preceding step of washing of contaminated material during which the contaminant is transferred into the IL, and activity will decrease to the so-called clearance level. As an example of a real application, steel elements contaminated with UF 4 were decontaminated by washing in BMIC IL to the clearance level, and subsequently, uranium was deposited on an electrode in the form of UO 2 and extracted from the IL [64] . UF 4 is the common contaminant of uranium in enrichment facilities or uranium refining and conversion plants, where it is formed by a reaction of gaseous UF 6 and Fe [77] . Deposit of uranium obtained from the contaminated material by Ohashi et al. [78] following the general scheme discussed earlier is shown in Figure 6 as well as the initial steel plate contaminated by uranium tetrafluoride. It is clear that the knowledge of electrochemical behavior of possible contaminants is a necessary knowledge before designing any process. This is a common thing with the spent fuel reprocessing area; and the state of the art in the electrochemistry of actinides and lanthanides in ILs was discussed previously. Apart from uranium, other common contaminants are, for example, europium or cobalt, which are the most common elements in a radionuclide inventory of a boiling water reactor prior to decommissioning [79] . 4 and uranium deposit after washing of the material and electrochemical reduction.
Summary
In this chapter, several basic concepts of SNF or solid radioactive waste treatment using ILs as well as IL properties relevant for these schemes were summarized and presented. ILs surely have many unique characteristics, which can shift these demanding processes closer to the area defined by the 12 principles of green chemistry. Basic concepts were verified by several research groups but a lot of information on particular processes will need to be obtained in further studies. Detailed knowledge is needed in the field of solvation chemistry of actinides and lanthanides in ILs as well as in the field of electrochemistry of these elements in the same environment. However, the present lack of this knowledge doesn't mean that ILs should not be taken into account when thinking about the areas of SNF and radioactive waste because the added value of using these systems seems to be very promising. The nuclear sector has relatively low emission of carbon dioxide per unit of energy; therefore, it can play a very important role in combatting climate change. Concerns about the effect on the environment or human health by waste produced throughout whole fuel cycles are perfectly justified and it is necessary to study all possibilities that have potential ability to make all the processes safer and that lessen the effect on the environment. Processes based on ILs have the potential but only further research will make it possible to reach an industrial scale.
